Drosophila melanogaster has a broad geographic range. Daily activity in this species exhibits seasonality such that midday rest expands on long warm days, possibly to avoid desiccation. Comparative analyses show that temperature-dependent control of this behavior is partly linked to patterns of per mRNA splicing that are absent in Drosophila yakuba, a related species native to warmer climates with little seasonal change.
Drosophila melanogaster has a broad geographic range. Daily activity in this species exhibits seasonality such that midday rest expands on long warm days, possibly to avoid desiccation. Comparative analyses show that temperature-dependent control of this behavior is partly linked to patterns of per mRNA splicing that are absent in Drosophila yakuba, a related species native to warmer climates with little seasonal change.
Life as we know it on Earth exists between approximately À15
C and 120 C, a narrow sliver of the range of temperatures found throughout the universe. Because of the strong temperature sensitivity of most biochemical reactions, it comes as no surprise that even small temperature variations within these limits, such as those associated with gradual climate change, have profound effects on living organisms. It is also easy to see the adaptive significance of evolved mechanisms that allow organisms to anticipate changes in environmental temperature and adjust to them. Many animals exhibit differential activity patterns in warmer versus colder seasons, hibernation being an extreme example. Seasonal timekeeping mechanisms that govern these behaviors often make use of day length as a reliable indicator of the time of year. In this context, day length is commonly measured by the coincidence of light and certain phases of the internal daily time keeping mechanisms of the circadian clock (Dunlap et al., 2004) .
A little less than a decade ago Majercak and colleagues reported in these pages a molecular mechanism underlying seasonal adaptive behavior in the fruit fly Drosophila melanogaster (Majercak et al., 1999) . Cold temperatures induced flies to show earlier evening-associated locomotor activity and a decreased period of midday rest. This mechanism is proposed to be seasonally adaptive because it allows flies to avoid midday activity during hot spring and summer days when there may be a risk of desiccation, while allowing midday activity during colder fall and winter days when it may be advantageous. Temperature-dependent mRNA splicing of dmpi8 the terminal intron in the circadian clock gene period (per) was shown to make a substantial contribution to this response by affecting the phase of accumulation of both per transcript and PER protein. The fact that per forms the entry point for seasonal modulation of circadian timing is consistent with its central role in the circadian clock circuits. In the Drosophila circadian clock, per is one of the transcriptional targets for CLOCK/ CYCLE (CLK/CYC), a heterodimeric complex of two bHLH (basic helix-loophelix) PAS (PER-ARNT-SIM) transcription factors that activates expression at dusk. PER protein accumulates with a substantial delay relative to per transcript, in part because it is destabilized by phosphorylation events that promote its degradation through the ubiquitin-proteosome pathway. The accumulation of TIMELESS (TIM) protein, the product of another CLK/ CYC regulated gene, is necessary to stabilize PER in a complex that also includes the kinase DOUBLETIME (DBT) and to mediate nuclear transfer around midnight. TIM itself is subject to lightdependent degradation, allowing the clock circuits to be synchronized to environmental light/dark signals. Once in the nucleus, PER directly interacts with CLK/ CYC and inhibits promoter binding, thus, providing negative feedback on the transcription of per, tim, and other coregulated genes (see Figure 1 ; Dubruille and Emery, 2008; Hardin, 2005; Stanewsky, 2003; Wijnen and Young, 2006 ) have temperature-dependent effects on circadian time keeping (Dubruille and Emery, 2008; Hardin, 2005; Stanewsky, 2003; Wijnen and Young, 2006 ). Yet, the phenotypes described by Majercak and colleagues for transgenic alleles of per that specifically block splicing of the last intron (Drosophila melanogaster per intron 8 or dmpi8) are unique in the sense that they specifically affect the phase, but not the period length of circadian locomotor behavior (Majercak et al., 1999) .
Another level of seasonal regulation results from the effect of day length on per and tim expression. Due to the lightdependent degradation of TIM, the accumulation of PER/TIM/DBT complexes as well as subsequent steps in the circadian cycle and the phase of evening locomotor activity are directly linked to dusk and, therefore, occur earlier when day length is shortened (Dubruille and Emery, 2008; Hardin, 2005; Stanewsky, 2003; Wijnen and Young, 2006) . Because splicing of dmpi8 exhibits a circadian oscillation that becomes more pronounced at warmer temperatures, its daily phase is also expected to be influenced by the timing of dusk (Majercak et al., 2004) . In particular, the late dusk in long warm days is expected to delay the clock-dependent increase in splicing activity, thus resulting in late accumulation of PER and a period of midday rest, a siesta if you will, before the onset of evening locomotor activity. In addition, light has clock-independent effects on the expression of both per and tim. Acute light-dependent inhibition of dmpi8 splicing was observed at both warm and cold temperatures (Collins et al., 2004; Majercak et al., 2004) , while tim transcription was rapidly increased in Daily locomotor activity behavior in Drosophila is regulated via the circadian clock circuits (A and B) as well as by direct responses to light and temperature independent from clock circuits and components (not shown). The abridged version of the circadian clock circuits shown here encompasses a negative feedback loop of gene expression containing the transcriptional activator CLK/CYC and its negative regulators PER and TIM. This system generates behavioral output in the form of daily locomotor activity rhythms via a poorly understood signaling pathway. Light-dependent synchronization of the clock circuits and daily activity occurs via light-dependent degradation of TIM. Light exposure during the night causes phase delays or advances, depending on its occurrence prior to or following the onset of PER/TIM-mediated repression of CLK/CYC around midnight. In D. melanogaster, additional mechanisms exist that modulate the daily activity profile via the clock circuits (A). On the one hand, splicing of the last intron of per (dmpi8), which results in an increase in per transcript and protein is enhanced by colder temperatures (blue arrow) and acutely inhibited by light. On the other hand, tim transcript levels are decreased in response to cold temperatures, while tim transcription is acutely increased in response to light at cold temperatures. In contrast to these responses in D. melanogaster, splicing of the last intron of per in D. yakuba is not temperature-dependent and neither is the daily activity profile (B). Substitution of the D. yakuba per splicing signals for those of dmpi8 in D. melanogaster alters temperaturedependent control of daily activity, indicating a contributing factor to the seasonal behavior of D. melanogaster.
response to light at cold temperatures (Chen et al., 2006) . Although neither of these effects requires clock function per se, both of them are modulated by circadian phase. Light-dependent inhibition of dmpi8 splicing is most apparent at phases of increasing splicing in the late day through early night and this mechanism is thus primed to respond to changes in the timing of dusk (i.e., a lengthened day results in a decrease in splicing) (Collins et al., 2004; Majercak et al., 2004) . Furthermore, light-induced tim transcription at cold temperatures appears to be restricted to the phase of CLK/CYC activity, which prevents it from disproportionally advancing tim expression ahead of its entrained circadian phase if long photoperiods coincide with cold days (Chen et al., 2006) . In summary, these mechanisms act in concert to modulate the timing of PER accumulation and the associated peak in evening activity relative to seasonal changes in day length and temperature.
A new study by Low and colleagues (2008) published in this issue of Neuron revisits the role of per splicing in mediating seasonal adaptive behavior. A detailed and thorough analysis of the splicing signals surrounding dmpi8 was conducted in a heterologous Schneider 2 (S2) cell culture system. Splicing of dmpi8 was found to be temperature sensitive in S2 cells even though they are of embryonic origin and do not have a working circadian clock. Moreover, temperature-dependent splicing of dmpi8 and its derivatives was shown to depend on a number of suboptimal matches to the 5 0 and 3 0 splice site (SS) consensus. In addition, the authors were able to establish a strong connection between the relative weakness of the splice sites surrounding the terminal intron of per and temperature-dependent regulation of daily activity patterns in different Drosophila species.
In contrast to observations made for Drosophila melanogaster and simulans, the daily locomotor activity profiles of Drosophila yakuba and santomea fail to show a tendency toward an increased siesta period of midday rest at higher temperatures (Low et al., 2008 0 versus dmpi8, in most cases, revealed an advanced evening peak as well as a shortened siesta. In contrast, circadian period length under free running conditions did not show strong transgene-dependent differences. Molecular analyses confirmed that splicing levels in M2M1 and dyp3 0 but not dmpi8 transgenic rescues are constitutively high and temperature independent and associated with increases in total per transcript levels. The inverse association between splicing efficiency of dmpi8 (or the equivalent intron) and siesta in these experiments is remarkable as the most efficiently spliced transgene (M2M1) also shows the strongest suppression of daytime rest. Nevertheless, unlike in the wild-type D. yakuba and santomea lines, temperature-dependent modulation of the siesta persists in the D. melanogaster M2M1 and dyp3 0 transgenic rescues. Thus, molecular mechanisms other than dmpi8 splicing appear to contribute to the seasonally adaptive temperature responses in D. melanogaster. It is, for example, possible that temperaturedependent regulation of tim expression proceeds differently in seasonally adaptive fly species. In this context it may be worthwhile to examine if the lightdependent induction of tim transcription observed at colder temperatures in D. melanogaster (Chen et al., 2006) is also found in D. yakuba.
The article by Low and coworkers (2008) has shed new light on the molecular details underlying seasonal locomotor behavior and the authors have formulated several hypotheses that can be addressed in future studies. To account for the temperature sensitivity of dmpi8 splicing the authors propose a model involving enhanced binding of the U1 snRNA to the 5 0 SS at cold temperatures in combination with cooperative recruitment of spliceosome components by different cis-acting splicing signals. This model is consistent with previous observations of temperature sensitive splicing, but remains to be verified experimentally for dmpi8. In addition, it is uncertain why active splicing of dmpi8 results in advanced accumulation of per transcript and protein. The authors propose that the assembly of spliceosomes at dmpi8 may facilitate 3 0 end formation of per transcripts resulting in increased accumulation. It will be of interest to investigate whether additional sequence elements (that are not necessarily divergent between D. melanogaster and yakuba) are required for mediating this connection. Furthermore, the correlation between per splicing and temperature-dependent modulation of siesta behavior could be surveyed in additional Drosophila populations and species to more precisely determine its degree of conservation. Intriguingly, in the distantly related fungus Neurospora crassa the central clock gene frequency undergoes temperaturedependent splicing to ensure a stable period length across a range of temperatures, suggesting that circadian clock circuits may have preferentially incorporated temperature-sensitive splicing mechanisms (Diernfellner et al., 2007) .
In a broader context, the experiments presented in the paper point to multiple mechanisms besides dmpi8 splicing that seasonally modulate daily activity in Drosophila. First, photoperiod modulates the onset of evening activity in the absence of conditional per splicing at the last intron in D. yakuba. Second, temperature modulates siesta time in transgenic D. melanogaster lacking a temperature-sensitive dmpi8. While the explanation for the former observation likely involves clock-dependent synchronization of the evening activity peak relative to dusk, a combination of clockdependent and clock-independent behavioral responses to temperature may help explain the latter observation. Regardless, it is clear that we can expect new discoveries concerning the molecular basis of seasonal behavior to keep appearing for quite some time.
Is decision making in the brain (a) optimal, (b) stochastic, (c) probabilistic, or (d) all of the above? Two papers in this issue of Neuron by Beck et al. and Furman and Wang address these questions by constructing model neural circuits capable of picking one option given multiple perceptual choices.
The neurobiological basis of decisionmaking has been intensely studied by systems neuroscientists over the last few decades. Much of this work has been based on paradigms in which, in each trial, a subject selects one of two possible choices. In parallel with the experimental work, a variety of theories and models have been proposed, and what stands out is that even highly simplified phenomenological models have been able to capture much of the psychophysical and neurobiological data in the two-alternative tasks (Smith and Ratcliff, 2004) . Recently, however, Mike Shadlen's group added an important piece to this puzzle with a neurophysiological study that had a novel feature: it used a task with four alternatives (Churchland et al., 2008) . These new experimental results, which on the surface seem deceptively similar to those obtained with two-alternative tasks, strongly disambiguate and constrain the models, and as a consequence, this issue of Neuron delivers something rather unprecedented in neuroscience: back-to-back theoretical papers addressing the same experimental data but starting from entirely different approaches (Beck et al., 2008; Furman and Wang, 2008) . Both studies describe neural circuits that replicate psychophysical and neurophysiological results obtained during choice behaviors. However, Xiao-Jing Wang's group aimed to capture as much biophysical detail as possible, whereas Alex Pouget's group aimed to implement key mathematical principles that neural circuits should employ if they are to generate optimal choices.
One of the most popular paradigms for studying the neural basis of decisionmaking is a two-alternative forced-choice
